An extended defect as a sensor for free carrier diffusion in a semiconductor Appl. Phys. Lett. 102, 012114 (2013) Rapid reversible electromigration of intercalated K ions within individual MoO3 nanobundle J. Appl. Phys. 113, 024311 (2013) Laplace deep level transient spectroscopy of electron traps in epitaxial metalorganic chemical vapor deposition grown n-GaSb J. Appl. Phys. 113, 024505 (2013) Density functional theory and experimental study of the electronic structure and transport properties of La, V, Nb, and Ta doped SrTiO3 J. Appl. Phys. 113, 013701 (2013) Additional information on J. Appl. Phys. Both the electron relaxation process and the transport property of wurtzite InN have been investigated using an ensemble Monte Carlo method. The band structure of the classic three valleys model is adopted, and the anisotropy of the band structure by Herring-Volt transform is also taken into consideration. The peak velocity in the CÀA direction (c-direction) is higher than that in the CÀM direction (basal plane), and the onset of negative differential mobility (NDM) appears at relatively lower electric field. Both velocity transport and the energy relaxation process in three valleys have been investigated. It has been found that the electrons in the high valley also show obvious energy overshoot besides the total energy overshoot. Based on the correlation of the drift velocity and the average energy versus time in the lowest valley, it has been concluded that nonparabolicity of band structure impacts the velocity overshoot greatly. Further research shows that nonparabolicity also plays an important role in NDM at low electric field, whereas intervalley scattering becomes important to NDM at high electric field. The total average energy overshoot is mainly caused by the intervalley scattering. Finally, the velocity undershoot in wurtzite InN is observed by applying a pulse electric field on simulated electrons.
I. INTRODUCTION
Due to their wide bandgap, III-nitride semiconductors (i.e., GaN, AlN, InN) have emerged as promising candidates in semiconductor devices, especially in applications of optoelectronic and high frequency devices. InN has a low effective mass, high optical phonon energy, and large energy separation between the upper conduction band satellite valley minimum and the central valley minimum. It also has the advantage of the highest low field mobility and peak overshoot velocity. [1] [2] [3] Along with GaN, the InN ternary alloy InGaN has found applications in heterostructure-based optoelectronic devices, such as light emitting diodes, THz surface emitters, and solar cells. [4] [5] [6] Compared with the rapid progress of GaN, the further development of InN faces challenges. Firstly, InN lacks suitable substrate materials, and the epitaxial layer has a higher defect concentration. Secondly, the band structure of InN is still a topic of discussion, and the structure parameters are still controversial. For example, the electron effective mass (m jj or m ? ) ranges from 0.033 m 0 to 0.24 m 0 , and the bandgap ranges from 0.7 eV to 1.89 eV. [7] [8] [9] [10] [11] [12] Due to the lack of proper band structure and experimental data, the transport property of wurtzite InN needs to be further investigated using the latest and most accurate parameters.
The feature size of devices is shrinking according to Moore's Law. Because of the strong velocity overshoot, steady-state electron transport cannot satisfy the requirements of small-sized devices, especially for high frequency working applications, as opposed to those of large-sized devices. The electron transport of both the steady state and the transient state should be investigated thoroughly. Owing to the potential applications of InN and the importance of the transport property, much research work on the transport property of InN has been done. [13] [14] [15] [16] [17] [18] Ensemble Monte Carlo method (EMC) simulation of electron transport in InN has been done and is discussed in Refs. 15 and 16. However, the conduction band structure used in the calculation is contradictory to the latest published data. 11, 19, 20 The latest band structure 19, 20 is applied in Refs. 13 and 14. These research efforts mainly focus on the low field mobility and the contribution of nonparabolicity to negative differential mobility (NDM). However, the calculation neglects the effect of anisotropy band structure. Furthermore, the relative contributions of nonparabolicity and intervalley scattering to NDM are still unknown. In this paper, the effect of anisotropy band structure on both transient and steady state transport is investigated, and then the roles of nonparabolicity and intervalley scattering in NDM and velocity overshoot are investigated through electron momentum and the energy relaxation process. The energy relaxation process, which has been neglected in previous studies even though the energy relaxation time is very important in the hydrodynamic model and relaxation process, is investigated, and an in-depth description of this phenomenon is given. Moreover, most recent work focuses on velocity overshoot, and velocity undershoot is neglected. In order to present the transient transport in InN completely, both velocity overshoot and undershoot 21 in InN are investigated. In this paper, the electron momentum, energy relaxation process, and transport property of wurtzite InN are investigated thoroughly based on the EMC method. Details of the EMC method and the material parameters used are shown in a)
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II. MODEL DESCRIPTION
In this paper, the EMC method is employed in order to study the transport properties of InN; this is a powerful approach to solve the Boltzmann transport equation. In this method, the motion of electrons is accelerated by the electric field and then scattered by the random scattering mechanism. The scattering events are selected randomly and are proportional to the scattering rate. A detailed description of this method is shown in Refs. 22-24. The semiclassical threevalley Monte Carlo method is used with the parameters shown in Table I .
The scattering mechanisms are considered as follows: (1) acoustic deformation potential, (2) ionized impurity scattering, (3) polar optical phonon, (4) piezoelectric, and (5) equivalent and nonequivalent intervalley scattering. The scattering rate formulas can be found in Refs. 24 and 25. Figure 1 shows the relationship between scattering rate and energy. None of the absorbed phonon scatterings are shown here. However, they have been considered in the MC simulation. The acoustic deformation potential and piezoelectric scattering are treated as elastic scattering for smaller phonon energies and energy offsets between phonon absorption and emission. The anisotropy of two kinds of scattering is determined via the rejection technique. 26 To simulate the anisotropy of the band structure, the Herring-Vogt transformation 27 is adopted in the EMC simulation. Table II shows the conduction band structure and material parameters of wurtzite InN. The latest reliable parameters are used to reduce their effects on the transport simulation. The bandgap of InN is 0.78 eV.
31,32
The nonparabolicity is calculated from the Kane model as follows:
where m is the effective mass, m 0 is the free electron mass, and E g is the energy bandgap. For the C 1 valley, the nonparabolicity is calculated using the density of states effective mass shown in Eq. (2).
The effective mass in the directions parallel and perpendicular to the lowest conduction band (C 1 valley) is 0.033 m 0 and 0.047 m 0 , respectively. 
III. RESULTS AND DISCUSSION
The results of the MC simulation are presented in this section. The impacts of the anisotropy band structure on transient and steady state transport are discussed in Sec. III A. The transient electron transport property in the CÀA direction is discussed in Sec. III B. Both velocity and energy relation processes are presented. In Sec. III C, based on the simulation results of transient and steady state transport, the explanation of NDM is presented, which is different from the previous MC simulation. At the end of this section, a pulse electric field is applied on the particle system, and velocity undershoot is observed in InN. For all the simulations, the temperature is 300 K and the doping concentration is 1.0 Â 10 7 cm
À3
.
A. The effect of anisotropy band structure
Based on the previous band structure, Fig. 2 shows a comparison of the transient and steady transport properties. In order to compare the results with those in Ref. 16 , the velocity-time data are integrated and the drift velocity is plotted as a function of distance. The relationships between velocity and distance are shown in Fig. 2(a) . It can be found that the peak velocity in this paper is greater than that in Ref. 16 , and the duration time is much smaller. Figure 2( 34 , the onset of NDM occurs at lower electric field, and the peak steady velocity in this paper is greater, whereas the high electric field velocity is smaller here.
The difference of the transport properties is caused by the different effective mass in the lowest valley. For a smaller effective mass, the electrons with a smaller momentum effective mass mð1 þ 2aeÞ can be easily accelerated and achieve a high electron velocity in a short time. The group velocity calculated by Eq. (3) means that a smaller effective mass causes a higher velocity.
where m is the effective mass in each valley, k is the wave vector, and e is the electron energy. Figure 2(b) shows that the steady state velocity in the CÀA direction is higher than that in the CÀM direction. The onset electric field of NDM in the CÀA direction is about 28 kV/cm, which is smaller than that in the CÀM direction ($35 kV/cm). The difference between transient and steady state velocity is caused by the anisotropy band structure, which causes a different effective mass in the CÀM direction (0.033 m 0 ) and the CÀM direction (0.047 m 0 ). However, the difference of steady velocity in two directions becomes smaller with increasing electric field. With increasing electric field, more and more electrons begin to move to high valleys, and the influence of the effective mass on the lowest valley is weakened. Figures 3(a) and 3(b) show the electron drift velocity in bulk InN as a function of time in the CÀA direction and the CÀM direction, respectively. The results show that the peak velocity and steady state velocity in the CÀA direction are higher than those in the CÀM direction for a smaller effective mass. When the electric field is as small as 10 kV/cm, velocity overshoot can still be observed in both directions; this is contributed by nonparabolicity.
B. Transient transport: Velocity and energy relaxation process
In this section, we calculate the transient transport and energy relation process of all three valleys for an electric field of 100 kV/cm. Figure 4(a) shows the total average drift velocity and average drift velocity of each valley in the CÀM direction. The steady state velocity in high valleys (C 3 and U) is much smaller than that in the C 1 valley. The reasons are as follows: Firstly, the effective mass is larger in the high valleys. Secondly, the polar optical phonon scattering and intervalley scattering (both equivalent and nonequivalent) in the high valley are much greater than in the lowest valley. This prevents the energy from increasing by releasing an optical phonon. The particle velocity floats rapidly at first because only a small number of electrons are scattered into high valleys at the beginning. The directions of the initial particles are random. Before the steady state is reached, the velocity decreases because more and more electrons are scattered into the high valleys as shown in Fig. 4(b) . The number of electrons in the U valley reaches its maximum value gradually, then decreases to a steady state due to high UÀC 3 scattering. Figure 5 shows the energy relaxation rate of polar optical and intervalley scattering. The main energy relaxation process is polar optical phonon scattering when the electric field is low. The intervalley scattering begins to dominate in the energy relaxation with increasing electric field. The intervalley scattering resulting in the energy relaxation contains two mechanisms: one is nonequivalent intervalley transfer, and the other is equivalent intervalley transfer. The equivalent intervalley transfer will become the main scattering mechanism with increasing electric field. Figure 6 shows the relationships between the total average energy and the average energy in each valley and time. The energy relaxation time is about 0.75ps when InN works at an electric field of 100 kV/cm. The energy relaxation time of other electric field stresses can be obtained via the same method. Furthermore, the energy overshoot is observed in high valleys (both C 3 and U valleys); this has not been explained in previous simulations. The phenomenon can be explained in that when the electrons are just scattered into high valleys, the remaining average energy is still very high. There is higher polar scattering and intervalley scattering in high valleys; the average energy is released quickly until it reaches the steady value.
We can also see that the average drift velocity in the lowest valley begins to decrease after 0.1ps, but the average energy in the lowest valley still increases until time 0.3ps. The decrease of drift velocity between 0.1ps and 0.3ps is attributed to the nonparabolicity in the lowest valley. The momentum effective mass (mð1 þ 2aeÞ) increases with increasing energy due to the nonparabolicity. According to Eq. (3), the velocity will decrease at the same time. In other words, the nonparabolicity impacts velocity overshoot in the lowest valley greatly.
C. Steady state transport and the origin of NDM
All the examples in Sec. III C are assumed to be in the basal plane because there is nothing different in the c-direction. NDM is caused by a large effective mass in the high valley, intervalley scattering, and the energy band nonparabolicity, which have been presented in previous work. 13, 26, 35, 36 In addition to the three factors above, convincing conclusions 35, 36 have been drawn stating that the energy band with an inflection point also attributes to NDM. However, there is no inflection point in InN. 20 Reference 13 shows the influence of nonparabolicity on NDM, but it does not pay attention to the relative contributions of nonparabolicity and intervalley scattering to NDM; these are explored in detail here. Figure 7 (a) shows the total steady state velocity and steady state velocity in three valleys as a function of electric field. The steady state velocity in the C 1 valley decreases when the electric field is greater than 35 kV/cm, and besides the total steady state velocity, electrons in the C 1 valley also show an obvious NDM phenomenon. When the electric field is between 35 kV/cm and 50 kV/cm, most electrons are in the C 1 valley as shown in Fig. 7(b) , and the total NDM is mainly attributed to NDM in the C 1 valley. The NDM in the C 1 valley is caused by nonparabolicity via two means: the nonparabolicity causes very rigid scattering with increasing electron energy, and the effective mass increases with increasing electron energy, which decreases the numerator and increases the denominator in Eq. (3). As more electrons are scattered into high valleys with increasing electric field, the contribution of NDM in the lowest valley will be weaker. The total NDM will be mainly attributed to the electrons in high valleys. Furthermore, the velocity in high valleys is lower than that in the lowest valley due to high intervalley and polar optical scattering. Based on the reasons above, NDM is mainly caused by intervalley scattering in high electric field. Figure 8 shows the relationships of the average energy and electric field in three valleys. The electrons' average energy in the C 1 valley will increase to a constant for the large energy relaxation by intervalley scattering, as illustrated in Fig. 5 , which can offset the energy imposed by the electric field. The total average energy increases with the electric field until 80 kV/cm and then decreases with increasing electric field. The average drift velocity as a function of average energy in the C 1 valley is shown in Fig. 9 . The average drift velocity decreases for high energy.
D. Velocity undershoot
Velocity undershoot is a physical phenomenon, as opposed to velocity overshoot, and it can be observed only when the system is experiencing a rapidly declining electric field. Figure 10 (a) shows both velocity overshoot and undershoot with application of a pulsed electric field. When the electric field shifts from 100 kV/cm to 10 kV/cm at 4ps, the velocity does not reach the steady state and decreases much lower than the steady state velocity. The distribution of electrons in each valley is completed at 4ps. When the electric field changes to 10 kV/cm suddenly, the drift velocity decreases at the same time. When the electric field decreases suddenly at 4ps, more and more electrons are scattered into the C 1 valley, as shown in Fig. 10(b) . Velocity undershoot arises for two reasons. Firstly, the energy relaxation time is much greater than the momentum relaxation time, and the velocity calculated from Eq. (3) shows obvious velocity undershoot. Another reason is the Rees effect, which has been studied in GaAs. 21 For the electrons just arriving at the C 1 valley, if the velocity direction is the same as that of the electric field, these electrons are accelerated and scattered back to high valleys, whereas others with an opposite velocity direction will slow down and stay in the C 1 valley. There are many electrons with a velocity direction opposite to the electric field, and the velocity undershoot appears. For high frequency devices, velocity undershoot plays an important role when the electric field changes rapidly, and this cannot be neglected anymore.
IV. CONCLUSION
This paper presents the electron relaxation process and transport properties in InN using the Monte Carlo technique. The influence of anisotropy band structure on the transient and steady state transport is investigated. It has been found that velocity overshoot in the CÀA direction is more obvious than that in the CÀM direction under the same electric field. Compared with that in the CÀM direction, the steady state velocity in the CÀA direction is greater. NDM occurs at lower electric field for a smaller effective mass. The transient velocity transport and energy relaxation process in all three valleys is investigated. The steady state velocity in high valleys is much lower than that in the lowest valley for high effective mass, strong polar optical scattering, and intervalley scattering, and this is the reason for velocity overshoot and NDM. Electrons also undergo energy overshoot in the high valley because of the remaining energy after the intervalley transfer. We obtain the energy relaxation time in InN after presenting the result of the energy relaxation process. Velocity overshoot in the lowest valley is primarily controlled by nonparabolicity in wurtzite InN. For the steady state transport, the influence of nonparabolicity and intervalley scattering on NDM is analyzed. The effect of nonparabolicity is very important to NDM under low electric field when the intervalley scattering is the main cause of NDM under high electric field. Finally, velocity undershoot has been investigated in InN via the application of a pulsed electric field, and obvious velocity undershoot has been observed. It can be concluded that the velocity undershoot comes from the relatively large relaxation time of the energy compared with the relaxation time of the momentum and the Rees effect. 
